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SYNOPSIS 

What does the designer o f  a  f u tu re  energy-ef f ic ient  bu i l d i ng  ask 
o f  the a i r  f low spec ia l i s t ?  - S t a t i c  pred ic t ions o f  a i r  f low 
pat terns and opt imizat ion o f  thermal comfort and indoor a i r  
q u a l i t y  a t  design condi t ions w i l l  not be enough f o r  him. 

The paper suggests t ha t  time-dependent a i r  f low simulat ion i s  
imperative t o  respond t o  tomorrow's design needs. D i f f e ren t  physi- 
ca l  t ime scales f o r  a i r  f low pat terns i n  spaces w i l l  be discussed. 
Heat capacity by components, d i f f e r e n t  types o f  heat t rans fe r ,  
varying occupancy, con t ro l  inputs etc.  g ive r i s e  t o  d isparate t ime 
scales. The t rend toward occupant con t ro l led  v e n t i l a t i o n  w i l l  
continue. A i r  f low w i l l  i n t e r a c t i v e l y  be adjusted t o  changing 
needs i n  each room. The I E A  Annex 20 examines t o o l s  t o  p red i c t  
steady a i r  f low pat terns w i t h i n  bui ld ings.  The dynamic management 
o f  a i r  f lows w i l l  requ i re  new methods t h a t  b u i l d  on Annex 20 work. 

INTRODUCTION 

The a i r  f low i n  a  bu i l d i ng  i s  not  s ta t ionary :  People move around 
o r  enter rooms, v e n t i l a t i o n  i s  turned on o r  o f f ,  sudden sunshine 
t r i gge rs  a  thermal updraf t ,  o r  a  window i s  opened. I n  add i t ion,  
new v e n t i l a t i o n  designs al low the occupant t o  i n t e rac t  w i t h  the 
system and t o  con t ro l  l oca t ion  and volume o f  f resh a i r  supply. 
Advanced a i r  hea t i t i j  systems d i s t r i b u t e  hot a i r  w i th  a  r o ta t i ng  
nozzle and innovat ive schemes "shoot" lumps o f  f resh a i r  as vortex 
r ings  a t  the occupanti. From the po in t  o f  view o f  HVAC con t ro l ,  
the indoor a i r ,  inc lud ing supply and re tu rn  f lows, i s  a  component 
o f  a  dynamic system. 

These examples suggest t h a t  the a i r  f low pa t te rn  i n  a  bu i l d i ng  i s  
unsteady and t h a t  only t rans ien t  computer s imulat ion i s  su i tab le  
f o r  i t s  pred ic t ion.  

Why do many o f  today's methods s t i l l  s imulate steady f low f i e l d s  
only? I n  p a r t i c u l a r  some o f  the more complex numerical models f o r  
s ing le  room o r  multi-zone a i r  f lows aim a t  steady-state so lu t ions.  

Here are two possib le answers: 

(1) Numerical complexit ies o f  time-dependent s imulat ion 

( 2 )  The phenomenon o f  i n t e res t  can o f t en  be considered steady 
a f t e r  a  ca re fu l  comparison o f  the re levant t ime scales o f  the 
actual  problem. 



The f i r s t  answer appl ies t o  app l ica t ions t h a t  are already compli- 
cated i n  t h e i r  s t a t i c  desc r ip t ion  and requ i re  a great amount o f  
computer t ime and resources. A single-room a i r  f low pa t te rn  may 
eas i l y  requ i re  a 20x20~20 spa t i a l  reso lu t ion  resu l t i ng  i n  8000 
memory locat ions f o r  each var iab le .  I f  i n  add i t i on  the informat ion 
f o r  a few hundred t ime steps must be ca lcu la ted and stored, along 
w i t h  time-dependent boundary condi t ions,  the amount o f  data be- 
comes overwhelming. 

The same i s  t r u e  f o r  mu l t i - ce l l  simulat ions where the so lu t ion  o f  
a la rge system o f  coupled equations t o  determine the steady-state 
pressure a t  each o f ,  say, a hundred nodes ( i .e.,  rooms o r  zones o f  
rooms) i s  already a de l i ca te  task. 

Many numerical methods take advantage o f  a time-marching procedure 
t o  asymptot ical ly  reach a steady-state so lu t ion  from an a r b i t r a r y  
i n i t i a l  guess. However, dur ing t h i s  process o f  convergence the 
boundary condi t ions are kept constant, and very o f t en  the  t ran- 
s ien t  so lu t ions a t  f i n i t e  times are not  o f  i n te res t .  

Y i t h  regard t o  explanation ( 2 )  above, experience has shown t h a t  
many a i r  f low pat terns o f  p rac t i ca l  i n t e r e s t  can be analyzed by 
j u s t  looking a t  steady so lu t ions a t  much reduced expense o f  com- 
puter resources. But t h i s  approach requires p r i o r  knowledge o f  the 
re levant t ime scales o f  the problem. 

This i s  i l l u s t r a t e d  by the fo l low ing  example: A t  t ime t = 0 the 
a i r  i n  a room o f  dimensions L i s  a t  res t .  How long does it take t o  
get the a i r  moving when i t  i s  dr iven by the momentum o f  a j e t  o f  
ve l oc i t y  u and mass f low & enter ing through a nozzle o f  

0 

diameter h ? 

Several s imp l i f i ca t i ons  w i l l  be made: Instead o f  accounting f o r  
f r i c t i o n ,  a r e l a t i o n  proposed by Nie lsen2 i s  used t o  estimate the 
f i n a l  (steady-statej a i r  ve l oc i t y  i n  the occupied zone, 

where K depends on the i n l e t  geometry snd Reynolds number. 

Further, l i n e a r  accelerat ion o f  the a i r  mass i s  assumed and the 
constant, c  < 1, accounts f o r  the f a c t  t ha t  the a i r  i n  the  center 
c i r cu la tes  a t  lower speed. The a i r  mass m accelerates as (Newton's 
law) 

d u 
c m -  = i n u  d t = j e t  momentum 

0 

I f  n expresses a i r  changes per hour (azh) and i f  a t ime constant z 
i s  defined by 

r du 



The t ime scale f o r  the accelerat ion o f  the  room a i r  by j e t  
entrainment becomes 

Thus, i n  a  room w i t h  i = 4 m and a j e t  i n l e t  diameter h  = 0.2 m a t  
an a i r  change ra te  o f  6 per hour, the t ime constant i s  roughly 
134 s  when cK i s  o f  order un i t y .  

What does t h i s  mean? - When we are in terested i n  the a i r  f low 
pat tern  i n  an o f f i c e  bu i l d i ng  as it e x i s t s  dur ing the ea r l y  a f te r -  
noon, i .e . ,  some average f low f i e l d  over an hour o r  two, we do not 
care about the t rans ien t  response o f  the  room a i r  caused by a  
sudden change o f  j e t  momentum. On the o ther  hand, we a lso neglect 
the slow d r i f t i n g  o f  ce r t a i n  temperatures resu l t i ng  from the 
e f f e c t  o f  the day-night temperature va r i a t i on  on the bu i l d i ng  
thermal i n e r t i a .  

Thus a  f i r s t  conclusion w i t h  regard t o  s imulat ion o f  f lows under 
condi t ions which are unsteady i n  r e a l i t y  could be formulated as: 

I f  we want t o  p red ic t ,  i n  a  general ly  unsteady s i t ua t i on ,  a  
phenomenon t ha t  has a  cha rac te r i s t i c  durat ion s u f f i c i e n t l y  
above the next lower and below the next higher natura l  t ime 
scale o f  the overa l l  physical  problem, then a  steady-state 
simulat ion i s  adequate. 

This paper w i l l  review a few d i f f e r e n t  t ime scales appl icable t o  
a i r  f low i n  bu i ld ings  i n  the next section. A f u r t he r  sect ion i s  
devoted t o  the ra te  o f  growth o f  one-dimensional natural  convec- 
t i o , ~  boundary layers on v e r t i c a l  surfaces. Then trends f o r  time- 
dependent a i r  f low simulat ion are discussed along w i t h  a  c r i t i c a l  
overview o f  the IEA Annex 20 ob ject ives and an appraisal of i t s  
intended impact on the f u tu re  development o f  f low f i e l d  predic- 
t i o n .  Annex 20 i s  e n t i t l e d  " A i r  f low pat terns w i t h i n  bu i ld ings"  
and deals w i t h  s imulat ion techniques f o r  s ingle-  and multi-zone 
a i r  and contaminant f low. 

2.  PHYSICAL TIME SCALES I N  BUILDING A I R  FLOW 

Time scales can only be estimated a f t e r  the physics o f  the  problem 
have been analyzed and the re levant mechanisms i den t i f i ed .  Often, 
t ime constants are very sens i t i ve  t o  geometric dimensions and 
proport ions. This becomes apparent i n  the fo l low ing  example o f  the 
heating o f  the room-air by a  rad ia tor .  

The a i r  i n  a  cubical  room o f  length L  has an i n i t i a l  temperature 
o f  T,, .  This a i r  i? uniformly heated by a  rad ia to r  w i t h  an ef fec-  
t i v e  surface of h  and a temperature T i  = TI, + AT. It i s  assumed 
tha t  the convective heat t r ans fe r  coe f f i c i en t ,  u, i s  constant. 



The heat balance f o r  the room a i r  (w i t h  temperature T I  y ie lds :  

dT 
c m -  = u ( T , - T ) ~ ~  

P dt, 

The t ime constant r i s  def ined by the i n i t i a l  r a te  o f  heat ing 

BT 
- - dT 

z  - ,(t=O, 

And the  t ime scale f o r  convective heating ( o f  the a i r )  becomes 

and i s  independent o f  AT. 

2  If an en t i regwa l l  i s  heated, h  = L, and f o r  L = 4 m, u  = 5 W/m K, 
p = 1.2 kg/m , and c  = 1000 J/kg K, t h i s  thermal t ime scale i s  

P 
7 = 960 s, o r  about one quarter  o f  an hour. Of course, i f  the 
rad ia to r  does not  cover a  f u l l  wa l l ,  t h i s  t ime constant becomes 
much la rger  and grows w i t h  the second power o f  L/h. 

The non-dimensional combinations i n  z, above, a lso could have been 
obtained by dimensional analysis,  but  not  the power o f  (L/h). The 
convection t ime scale i s  more sens i t i ve  t o  (L/h) than the  a i r  
accelerat ion scale discussed i n  the in t roduct ion.  

2.1 Transient a i r  movements 

A v a r i e t y  o f  t ime scales character iz ing steady a i r f l o w  have been 
i d e n t i f i e d  by Hammond3. Also, the "age" o f  a i r  used t o  quan t i f y  
v e n t i l a t i o n  ef fect iveness * i s  a  t ime scale defined mainly f o r  
s ta t ionary  f low f i e l d s .  The present discussion i s  not  concerned 
w i t h  t ime constants o f  steady flows. 

There i s  another c lass o f  f l ow s i tua t ions  i n  which unsteady sig- 
nals are recorded dur ing experiments, although the ve loc i t y  f i e l d  
i s  steady: That i s  when the concentrat ion f i e l d  ( o f  a  neu t ra l l y  
buoyant t racer )  i s  unsteady i n  an otherwise steady f low. 
Rec i rcu la t ing clouds o f  t r ace r  gas may produce a near ly per iod ic  
s ignal  a t  a  f i x e d  loca t ion  w i t h  a  frequency o f  the order o f  u/L, 
where u  and L are t y p i c a l  a i r  v e l o c i t i e s  and room dimensions, 
respectively. A t r ace r  gas step-input r esu l t s  i n  an aper iodic 
response. 

We w i l l  t u r n  our a t t en t i on  t o  t r u l y  time-dependent f lows t ha t  
requ i re  t ime-der ivat ive terms i n  the governing t ranspor t  equa- 
t ions.  Again, we can d i s t i ngu i sh  between time-dependent f lows w i t h  
steady and w i t h  unsteady boundary condit ions. 



2.2 Time-dependent f lows w i t h  s ta t ionary  boundary condi t ions 

I f  a c i r c u l a r  cy l inder  o f  diameter d i s  placed i n  a incompres- 
s ib le ,  uniform f low a t  ve loc i t y  u, vo r t i ces  separate from the 
cy l inder  surface a t  a frequency o f  about 0.2 u/d. A Karman t r a i l  
develops i n  the wake o f  the obstacle. A b lun t  body under constant 
boundary condi t ions may give r i s e  t o  an unsteady, per iod ic  f low 
f i e l d  i f  there i s  a feedback from the po ten t i a l  f low pressure 
f i e l d  t o  the boundary layer separation mechanism. 

W i l l  o s c i l l a t i o n s  o f  t h i s  type develop i n  room a i r  f lows? - The 
engineer doing numerical f low simulat ions would welcome a c lea r  
answer t o  t h i s  question. When he attempts t o  compute a f l ow w i t h  
an inherent unsteadiness by a set  o f  equations wi thout  t rans ien t  
terms, he w i l l  perhaps never reach a steady-state solut ion.  I n  the 
case o f  the cy l inder ,  the steady so lu t ion  would be unstable except 
a t  very low Reynolds numbers. 

Physical flow Flow in fe r red  from 
measured data 

Best mathematical 
Flow i n fe r red  from 

Selected mathematical formu- 
l a t i o n  w i t h  turbulence model 
( p a r t i a l  d i f f e r e n t i a l  eqs.) 

F i n i t e  domain equations (FOE) 
(d i sc re t i za t ion ,  treatment o f  
wal ls ,  corners and junct ions) 

Approximated f low f i e l d ,  not  
converged (numerical a lgor i thm 
t o  approach so lu t ion  o f  FDE) 

Figure 1 The s imulat ion o f  f low f i e l d s  involves a chain o f  repre- - 
sentations where o s c i l l a t i o n s  can develop. Informat ion on the 
actual physical f low i s  ava i lab le  only as measured data and 
through f low v isua l i za t ion .  



However, an o s c i l l a t i o n  dur ing the numerical i t e r a t i o n  process 
does not  necessar i ly  po in t  t o  an unsteady physical f low. And 
Fig. 1 i l l u s t r a t e s  t h a t  the se t  o f  equations f o r  which we seek a 
so lu t ion  i s  merely a h i gh l y  s i m p l i f i e d  representat ion o f  the 
actual  f low. The source o f  o s c i l l a t i o n s  can be rooted i n  the 
numerical so l u t i on  algori thm, i n  the f i n i t e  domain equations, o r  
i n  the set  o f  p a r t i a l  d i f f e r e n t i a l  equations o f  the model. 

Low frequency f l uc tua t i ons  seem t o  develop sometimes7 i n  f lows 
invo lv ing  natura l  convection. Since there i s  an increasing'need t o  
simulate such f lows, ca re fu l  studies are needed t o  learn more 
about these unsteady phenomena. Pa ra l l e l  t es t s  and cafcu la t ions by 
d i f f e r e n t  methods o f  i d e n t i c a l  cases, such as conducted by the IEA 
Annex 20 par t i c ipan ts ,  should shed some l i g h t  on these problems 
and he lp  t o  p inpo in t  the source and conf i rm the existence o f  
unsteadiness. 

2.3 Time-dependent f lows dr iven by time-dependent-boundary condi t ions 

Energy conservation i s  improved i f  f resh  a i r  i s  provided only 
where and when i t s  needed. Demand con t ro l led  v e n t i l a t i o n  systems 
react  t o  s igna ls  from special ized sensors. User-activated con t ro l  
o f f e r s  the po ten t i a l  o f  maintain ing energy e f f i c i ency  whi le  im-  
proving user sa t i s f ac t i on ,  because the occupant can adjust  the 
loca l  c l imate t o  h i s  ind iv idua l  needs. 

Time-dependent a i r  f low p red ic t ions  are needed t o  ca lcu la te  the 
response o f  the a i r  f low pa t te rn  t o  such cont ro l  inputs. With more 
powerful computers there w i l l  be a t rend from steady-state cal-  
cu la t ions t o  s imulat ion o f  t rans ien t  f low f i e l d s .  Of course, the 
computation o f  the dynamic response o f  a complete a i r  f low pa t te rn  
requires t h a t  s t a t i c  f lows are handled rou t ine ly  and w i t h  con- 
f i dence. 

Appl icat ions f o r  t rans ien t  a i r  f low codes: 

o Some designs f o r  the house o f  the f u tu re  envisage comfart 
systems i n  which unoccupied rooms are kept a t  a temperzture 
and v e n t i l a t i o n  leve l  f a r  below what i s  used today (win ter  
s i t ua t i on ) .  When people enter the room, a high-powered system 
br ings the a i r  q u a l i t y  t o  the required leve l  i n  a r e l a t i v e l y  
short  t ime. How much power i s  needed, how much f resh  a i r ,  and 
how long does t h i s  warm-up take? - These are questions the 
designer must be equipped t o  answer. 

o A f i r e  s t a r t s  i n  a la rge bu i ld ing .  How do hot o r  t o x i c  gases 
spread through the bu i ld ing?  Can the smoke be removed and 
escape routes be cleared o f  t o x i c  gas by the e x i s t i n g  ven- 
t i l a t i o n  system without  feeding the f i r e  w i th  f resh  oxygen? 
These are t y p i c a l  t rans ien t  problems invo lv ing  convection o f  
heat and species, buoyancy, and rad ia t ion.  Some multi-zone 
smoke con t ro l  models are reviewed i n  I .  



o Sudden sunshine through the glazing o f  an atr ium may heat up 
one o f  the ins ide  surfaces and cause a d ras t i c  change o f  the 
i n te rna l  a i r  f low pa t te rn  and temperature d i s t r i b u t i o n .  Also 
a problem f o r  a t rans ien t  natural  convection f low f i e l d  code. 

It i s  hypothesized t h a t  i n  f u t u r e  v e n t l l a t i o n  systems the a i r  f low 
i s  not  j u s t  maintained but dynamically "managed" and adjusted t o  
instantaneous needs i n  the same way as an a i r c r a f t  i s  operated at-d 
p i l o t e d  along an optimum t ra j ec to r y .  

When t rans ien t  s imulat ion codes are appl ied, a number o f  d i f f e r e n t  
t ime scales should be considered. Some are shown i n  Fig. 2 along a 
logar i thmic t ime axis. These t ime constants might a lso be o4 
relevance when the numerical t ime steps i n  a t rans ien t  s~mu la t i on  
are selected. Slow processes should al low la rger  computational 
t ime increments. 

+ pressure wave i n  duct 

+ accelerat ion o f  room a i r  by j e t  

+-----t. a i r  heat up by convection 

+ d a i l y  occupancy and sunshine cycle 

++ thermal i n e r t i a  o f  bu i l d i ng  

+ seasonal outside 
temperature va r i a t i on  

1 1 1 1 1 1 logar i thmic time 
sec m i  n h r  day m. year 

Figure 2 Uni ts  o f  t ime along a logar i thmic scale wixh a ~ p r o x ~ m a t e  
ranges o f  various physical  t ime scales. 

I n  multi-zone a i r  f low i n  bu i ld ings,  a number o f  methods are 
ava i lab le  today t o  simulate the t rans ien t  exchange o f  a i r ,  con- 
taminants, and energy between rooms and w i t h  the outside. The 
i n te rm i t t en t  v e n t i l a t i o n  o f  a room by opening a window a t  i n t e r -  
vals, f o r  instance, i s  invest igated i n  subtask 2 o f  the I E A  
Annex 20. I n i t i a l  measurementsq show tha t  two d i f f e r e n t  t i ~ e  
scales are o f  importance: An i n i t i a l  g rav i t y  wave o f  co ld  a i r  
f i l l s  the lower pa r t  o f  the room w i t b ~ n  the f i r s t  few minutes 
a f t e r  the window i s  opened, then heat i s  t ransfer red from tne 
ins ide wal ls ,  and a slow d r i f t  o f  ins ide a i r  temperature continues 
f o r  approximately 10 hours depending on the heat capac~ ty  o f  the 
bu i l d i ng  s t ruc ture .  



Dynamic simulat ions o f  single-room f low f i e l d s  may a lso be re- 
quired t o  assess the performance o f  v e n t i l a t i n g  systems t h a t  
operate i n  a pulsed, revo lv ing o r  i n t e rm i t t en t  mode. The a b i l i t y  
o f  these systems t o  mix a i r  masses i n  a space i s  discussed i n  the 
next section. 

3. VENTILATION SYSTEMS THAT GENERATE UNSTEADY FLOW FIELDS 

Some novel v e n t i l a t i n g  systems incorporate schemes f o r  int roducing 
f resh  a i r  i n  a per iod ic  o r  i n t e r m i t t e n t i  way. The technical  
designs o f  these systems are not reviewed here, j u s t  one aspect o f  
t h e i r  operation w i l l  be discussed: The ef fect iveness o f  mixing a i r  
i n  the ven t i l a ted  room. 

A fundamental d i f fe rence between steady and unsteady f low was 
demonstrated by J. M. Ot t inoi ' '  f o r  app l ica t ions re la ted  t o  chemi- 
ca l  engineering. He has shown experimental ly t ha t  mixing o f  d i f -  
fe ren t  f l u i d s  i s  much more e f f e c t i v e  i n  an unsteady f low f i e l d  
than i n  a s ta t ionary  flow. 

When a blob o f  i nk  i s  introduced i n  a steady f low o f  a f l u i d ,  i t  
w i l l  s t r e t c h  and move and essen t i a l l y  t race  a p a r t i c l e  path. I f  
the experiment i s  then reversed w i t h  respect t o  time, the f l u i d  
should "unmix" ( i f  molecular d i f f u s i o n  and turbulence are 
disregarded) and the i n i t i a l  blob should reappear. The convection 
o f  a dye i n  a steady-state f low i d e a l l y  i s  a revers ib le  process 
where e r ro rs  grow l i nea r l y ,  and the i n i t i a l  s ta te  can ap- 
proximately be recovered. 

I n  a unsteady f low the s i t u a t i o n  i s  qu i t e  d i f f e r e n t .  This i s  
i 1 lus t ra ted  by the f low v isua l  i z a t i o n  recorded by O t t i no  and 
sketched i n  Fig. 3. The unsteady f low between two r o t a t i n g  ec- 
cen t r i c  cy l inders  t ha t  move pe r i od i ca l l y  i n  opposite senses ef-  
f ec t s  a thorough mixing o f  two f l u i ds .  Here, the e r r o r  i n  
reproducing the  motion i n  reverse grows exponential ly. Already 
a f t e r  a few periods i t  i s  p r a c t i c a l l y  impossible t o  undo the 
mixing. 

The experiments suggest t h a t  t h i s  e f f i c i e n t  mixing i s  accomplished 
by repeated s t re tch ing  and f o l d i n g  o f  f l u i d  f i laments, which i s  
t y p i c a l  f o r  unsteady f low w i t h  per iod ic  kinematic boundary condi- 
t ions.  

Returning t o  the v e n t i l a t i n g  system, we f i r s t  should decide on the 
type o f  ven t i l a t i on .  I s  a uniform mixing desired wi thout  any 
pockets o f  s t a l e  a i r  o r  hot  (cold)  spots? O r  i s  one-hundred-per- 
cent f resh  a i r  required near the occupant as i n  displacement 
ven t i l a t i on ,  where temperature s t r a t i f i c a t i o n  and non-uniform 
contaminant concentrat ions are intended? I n  the l a t t e r  case, 
mixing o f  f resh  a i r  w i th  po l lu ted  a i r  should ce r t a i n l y  be avoided. 



Figure 3 Mixing i n  unsteady f low: Two eccent r ic  cy l inders  r o ta te  
pe r i od i ca l l y  i n  opposite d i rec t ions.  The pa t te rn  o f  the 
mix ing l i q u i d s  a f t e r  about 10 periods i s  sketched a f t e r  a  
f low v i sua l i za t i on  photo taken by P. D. Swanson and J- 

M. Ottinol' ' . 

It can be concluded t h a t  i n t e rm i t t en t  o r  per iod ic  ( i .e. ,  unsteady) 
v e n t i l a t i o n  systems should not  be employed i f  mixing o f  a i r  masses 
i s  not  desired; however, these systems can be bene f i c ia l  i f  high 
ra tes o f  mixing are wanted. 

4. GROWTH RATE OF A VERTICAL ONE-DIMENSIONAL LAMINAR 

NATURAL CONVECTION BOUNDARY LAYEFJ 

Correct s imulat ion o f  f r e e  convection on v e r t i c a l  surfaces i s  o f  
c ruc i a l  importance i n  single-room a i r  f low predict ion.  I n  an 
attempt t o  be t t e r  understand f r ee  convection boundary layers ,  we 
have looked f o r  simple ana l y t i ca l  solut ions.  So f a r  we mainly 
found studies o f  steady f low along f l a t  p lates,  where the boundary 
layer  development, as a  func t ion  o f  the streamwise distance from 
the leading edge, i s  o f  i n te res t .  But the ins ide wal ls  o f  rooms 
s t a r t  a t  the f l o o r  junct ion and do not  have rea l  leading edges. 



Is there a genera1 bu t  simple model f o r  the loca l  behavior o f  a 
f r ee  convection layer  somewhere on a large v e r t i c a l  surface? - Not 
f o r  steady f low, where the shear layer  develops along a streamwise 
distance. But the ve loc i t y  and temperature p r o f i l e s  t h a t  develop 
somewhere on a wal l  i n  an unsteady s i t ua t i on ,  e.g., a f t e r  a sudden 
change o f  surface temperature, can l o c a l l y  be determined. 

I t  i s  t h i s  t rans ien t  bui ldup o f  a boundary layer t h a t  we studied 
i n  order t o  f i n d  ~ t s  re levant t ime scales. The so lu t i on  process o f  
numerical s imulat ion o f ten  s t a r t s  w i t h  the room a i r  a t  r e s t  ad- 
jacent t o  wal ls  o f  d i f f e r e n t  temperatures. I s  i t possible t o  
consider the growth o f  the shear layer as a l o c a l l y  one-dimen- 
s ional  problem? - To f i n d  out ,  we have devised an idea l ized 
problem resembling Stokes' f i r s t  problemii, where a se l f - s im i l a r  
laminar shear layer  i s  d r i ven  by a moving wal l .  I n  the present 
example, the a i r  i s  i n i t i a l l y  a t  r es t  and has a uniform tempera- 
t u r e  To. The v e r t i c a l  wal l  has a constsnt temperature Tw. 

Under the hypothesis o f  a one-dimensional physical process 
( d i r e c t i o n  "y"  normal t o  v e r t i c a l  wa l l )  the governing equations 
f o r  x-momentum and energy were derived under these assumptions: 

- Prand t l ' s  boundary layer  appr-oximations 
- laminar f low, constant v i scos i t y  
- densi ty inde~>endent o f  pressure 
- Soussintsq approximation f o r  density/temperature r e l a t i o n  
- No f r i c t i o n a l  o r  compressive heat ing 

I n  dimensionless form the equation f o r  v e r t i c a l  momentum i s :  

and the energy equation: 

With the i n i t i a l  conditions 
u = O  8 = 0  a t  t = O a n d y > O  

and boundary condi t ions 
u = O  8 =  1 a t  t > O a n d y = O  
u . 0  e + o  a s y - t w j  

The problem lacks natural  length and t ime scales. The only pos- 
s i b l e  combinations o f  physical  parameters w i t h  dimensions [ length ]  
and [ t ime] are L and r ,  expressed i n  terms o f  k i n e t i c  v i scos i t y ,  
u, and g rav i t y ,  g: 

= . / g  2 and r 

Non-dimensional temperature i s  defined by 0 : (T - To)/(T, - To) 



The other var iables are (w i t h  primes on physical  quan t i t i es ) :  

The c o e f f i c i e n t  o f  thermal expansion, 8 ,  i s  kept constant. 

The above system i s  r e l a t i v e l y  simple and can be solved ana ly t i -  
c a l l y .  However, the author i s  not aware o f  a  so lu t ion  i n  t h i s  
context. I n  contrast  t o  Stokes' problem, t h i s  system does not  have 
a se l f - s im i l a r  so lu t ion.  The energy equation can be integrated 
d i r e c t l y  because i t  i s  f r e e  o f  the other dependent var iab le ,  
u (y , t ) .  The temperature development alone can be expressed i n  
s i m i l a r i t y  form and i s  i den t i ca l  t o  the so lu t i on  o f  re la ted heat 
conduction problems: 

The momentum equation i s  dr iven by the temperature term 
(buoyancy). I t s  so lu t ion,  therefore,  a lso depends on the Prandtl  
number and i s  a  funct ion o f  both independent variables: 

Note t h a t  the thermal expansion term, B(T - T ) , has been incor-. 
W 0 

porated i n  the d e f i n i t i o n  o f  u and a f f ec t s  the physical ve l oc i t y  
1  inear ly .  

This der i va t ion  l 2  w i l l  not  be taken any f u r t he r  here. For il- 
lus t ra t i on ,  a  few temper t u r e  p r o f i l e s  are shown i n  Fig. 4 f o r  3 Pr = 0.7 and u = 15E-6 m /s. A f t e r  100 seconds, f o r  instance, the 
a i r  a t  a  distance o f  44 mm from the wal l  i s  heated t o  one-half o f  
the t o t a l  temperature d i f fe rence  Tw - To. 

Fiqure 4 Exact so lu t i on  f o r  non-dimensional temperature i n  f r ee  con- 
vect ion along hot  v e r t i c a l  wal l  as func t ion  of physical  
normal distance y'  [m] and t ime t '  [ s l  i n  a i r .  



5. PREDICTION OF STEADY AND TRANSIENT A I R  FLOW PATTERNS I N  ANNEX 20 

The IEA research drogram on "Energy Conservation i n  Bu i ld ings and 
Community Systems" sponsors a number o f  p ro jec ts  (Annexes) t ha t  
aim a t  reducing energy consumption o f  bu i ld ings  by opt imiz ing the 
a i r  f low and v e n t i l a t i o n  systems. The newest a i r  f low p ro j ec t  i s  
the Annex 20, " A i r  Flow Patterns w i t h i n  Bui ldings." 

The task-sharing Annex 20 s ta r ted  i n  May 1988 f o r  a per iod o f  
3 1/2 years. I t s  main ob jec t i ve  i s  t o  evaluate the performance o f  
s ingle-  and multi-zone a i r  and contaminant f l ow simulat ion tech- 
niques and t o  es tab l i sh  t h e i r  v i a b i l i t y  as design too ls .  

The subtask-1 researchers evaluate f l ow f i e l d  s imulat ion programs 
f o r  the p red ic t ion  o f  ve loc i t y ,  turbulence, temperature, and 
concentrat ion d i s t r i b u t i o n s  i n  spaces. Numerical exercises are 
ca r r ied  out  f o r  c l e a r l y  defined t e s t  cases and the resu l t s  com- 
pared w i t h  measurements obtained i n  i den t i ca l  t e s t  chambers by 
d i f f e r e n t  p a r t i c i p a t i n g  countr ies. 

Five t y p i c a l  t e s t  cases have been selected f o r  t h i s  study: 

b)  Forced convection, isothermal f low w i t h  wal l  d i f fuser ,  
c )  mixed convection, warm-air heating, 
d) f r ee  convection w i t h  rad ia to r  and co ld  window inner surface, 
e) mixed convection, summer cool ing,  warm window surface, and 
f) forced convection, isothermal, as i n  b) ,  w i t h  contaminants. 

I n  subtask 2, the a i r ,  energy, and contaminant f low between rooms 
and i n f i l t r a t i o n  from the outs ide are investigated. New algori thms 
are being developed and evaluated f o r :  

o Flow through large openings 
o Inhabi tant  behavior 
o A i r  f low dr iven contaminants 
o Multi-room v e n t i l a t i o n  e f f i c i ency  

Mathematical descr ip t ions o f  these models w i l l  be produced. But 
the actual  implementation i n  a computerized multi-zone i n f i l t r a -  
t i o n  model i s  not  w i t h i n  the scope o f  t h i s  annex. 

The new algori thms w i l l  be experimental ly ve r i f i ed ,  and some 
advanced measurement techniques w i l l  be necessary. Improved 
methods f o r  

o multi-zone a i r f l o w  measurements and 
o enhanced leakage measurements 

are developed f o r  t h a t  purpose and documented. Va l idat ion data 
sets and physical  parameter data bases w i l l  be made ava i lab le  on a 
data bank f o r  l a t e r  use. 



5.1. Need f o r  unsteady s imulat ion 

I n  the near fu ture,  design methods w i l l  r ou t ine ly  employ i n f i l t r a -  
t i o n  models and f low f i e l d  p red ic t ion  too ls ,  and powerful com- 
puters w i l l  be ava i lab le  i n  the  consultant 's o f f i c e  a t  reasonable 
cost. Complex f low f i e l d  s imulat ion codes w i l l  ca lcu la te  the  a i r  
f low pat tern i n  concert ha l l s ,  but s imp l i f i ed  methods could be 
more e f f i c i e n t  t o  pred ic t  the f low i n  an of f ice.  No doubt, time- 
dependent f lows must a lso be mastered w i t h  confidence. 

Today, the researchers pa r t i c i pa t i ng  i n  Annex 20 s t r i v e  t o  advance 
the s ta te  o f  the a r t  i n  steady-state f low predict ion.  Engineers o f  
many countr ies cooperate t o  learn how t o  apply modern computa- 
t i o n a l  f l u i d  dynamics t o  bu i l d i ng  a i r  f low. They share ideas on 
measurement techniques and, together, i n te rp re t  experimental and 
numerical resu l ts .  

The Annex-20 experts decided ear l y  t o  concentrate on steady-state 
a i r  f low patterns (w i th  a few exceptions i n  subtask-2 algorithms). 
As i l l u s t r a t e d  i n  Fig. 5, complex f low f i e l d  s imulat ion i s  
scrut in ized under s t a t i c  condi t ions only, i .e. ,  i n  the shaded 
space-coordinate plane o f  the f igure.  

Figure 5 Space and time: Annex 20 aims a t  preparing a s o l i d  basis i n  
the  domain o f  steady a i r  f low simulat ion, as indicated by the 
shaded "spaceM-plane. 

New v e n t i l a t i o n  designs and cont ro l  s t ra teg ies make fu tu re  dynami- 
caf s imulat ion expert ise mandatory. The t rend toward t rans ien t  
p red ic t ion  i s  c lear ,  and the  development o f  new methods w i l l  
perhaps b u i l d  on Annex-20 experience. 



6. CONCLUSIONS 

The goals o f  the " A i r  Flow Pattern" Annex are formulated i n  an- 
t i c i p a t i o n  o f  f u tu re  trends i n  a i r  i n f i l t r a t i o n  and ven t i l a t i on .  A 
s o l i d  groundwork i n  numerical and experimental techniques f o r  
steady-state bu i l d i ng  aerodynamics sha l l  be provided. New methods 
f o r  t rans ien t  a i r f l o w  can l a t e r  be based on t h i s  foundation. 

A summary o f  conclusions fo l lows: 

o Steady-state s imulat ion i s  o f ten  less expensive and may be 
adequate f o r  f lows t h a t  undergo changes o f  large t ime scale 
compared t o  the observation per iod o f  i n te res t .  Also, tran- 
s i en t  behavior w i t h  t ime scales much shorter  than t h i s  per iod 
may be neglected. 

o Time scales are sens i t i ve  t o  geometric dimensions and propor- 
t ions.  

o Unsteadiness ? s  observed i n  d i f f e r e n t  s i tuat ions:  
- when the concentrat ion o f  a t r ace r  var ies  along stream- 

l i n e s  o f  a steady f low f i e l d  (clouds o f  t racer  gas), 
- per iod ic  s h i f t i n g  o f  separation po in ts  under s ta t ionary  

boundary condi t ions (Karman vortex t r a i l ) ,  
- o s c i l l a t i o n s  i n  un-converged numerical so lu t ions,  some- 

times r e s u l t i n g  from problems w i t h  the s o l u t i o ~  algori thm, 
- low-frequency f l uc tua t i ons  i n  rea l  f lows w i th  natural  

convection o r  thermal plumes, and 
- f u l l y  time-dependent f lows w i t h  unsteady boundary condi- 

t ions.  

o Low-frequency f luc tua t ions ,  as observed i n  experiments w i t h  
thermal f lows, should be c a r e f u l l y  investigated. 

o Competence i n  accurate p red ic t ion  o f  t rans ien t  f low f i e l d s  i s  
required f o r  a i r  f low management i n  advanced v e n t i l a t ~ o n  
cont ro l  systems, i n  smoke con t ro l ,  o r  i n  large spaces w i th  
changing thermal loads ( a t r i a ,  l ec tu re  theaters) .  

o Two f l u i d s  mix be t t e r  i n  unsteady f low. I f  no m i x i ~ g  i s  
desired, as i n  displacement den t i l a t i on ,  f resh a i r  should be 
suppl ied a t  constant ra te .  

o The growth o f  a one-dimensional laminar f ree  convection 
boundary layer can be estimated by an ana ly t i ca l  formula. 
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